Purpose: This work investigates the dose characteristics and image quality of a multisource conebeam CT scanner dedicated for extremity imaging. Methods: The scanner has an x-ray source with three separate anode-cathode units evenly distributed along the longitudinal direction. A nominal scan protocol fires the three sources sequentially, and a total of 600 projections (200 for each source) are acquired over a source-detector orbit of 210 o . Dose was measured using a Farmer chamber in three CTDI phantoms stacked end-to-end. Measurements were performed at the central and four peripheral locations of a CTDI phantom on the axial plane and repeated along the longitudinal direction. The extent of 3D sampling of the three-source configuration was assessed in the Fourier domain through noise power spectrum measurements from air scans and compared with that from a single-source scan. A modified Defrise phantom and anthropomorphic knee and hand phantoms were used for visual assessment of cone-beam artifacts in the reconstructed images. Results: The dose distribution for the three-source configuration exhibits radial asymmetry on the axial plane consistent with a short-scan geometry. Along the longitudinal direction, the highest dose was measured at the central axial plane where the field of view (FOV) from all three sources overlaps and falls off more slowly toward the end compared to a single-source configuration. The extent of 3D sampling is improved throughout the FOV as each source compensates for missing frequencies from the adjacent source. As a result, the reduction in streak and shading artifacts is apparent in the reconstructed images of all three phantoms. The improvement in image quality from the three-source configuration is most pronounced in joint spaces farther from the central axial plane. Conclusions: Initial assessment of the multisource scanner demonstrated the advantages over singlesource designs in a compact scanner with large longitudinal FOV. The reduction in cone-beam artifact is particularly valuable for extremity imaging where high-contrast articular surfaces are present away from the central axial plane and/or throughout the FOV.
INTRODUCTION
The development of cone-beam CT (CBCT) systems for specialty diagnostic imaging scenarios has been an active area of research over the last decade, with applications such as dentomaxillofacial, [1] [2] [3] otolaryngology, [4] [5] [6] neuroradiology, [7] [8] [9] breast, [10] [11] [12] and musculoskeletal imaging. [13] [14] [15] Dedicated CBCT systems offer a variety of potential advantages, including relatively low cost, small form factor, and reduced site requirements (compared to multidetector CT, MDCT). Such systems may carry functional advantages as well, for example, portability and/or imaging of weight-bearing lower extremities. System designs vary broadly and typically involve a fixed or rotating anode x-ray tube and a flat-panel detector (FPD) configured on a gantry to execute a circular (full or short-scan) orbit about the volume of interest. Patient translation or slip ring technology is usually absent. The development of such systems has exercised a variety of imaging physics principles and algorithmic approaches to help ensure imaging performance sufficient for a particular diagnostic task, including system modeling, protocol definition, artifact corrections, and 3D image reconstruction techniques. 9 , [16] [17] [18] [19] Rigorous technical assessment of imaging performance and dose is integral to the translation of such systems to clinical use as well as to accreditation and quality assurance. The physical factors governing image quality in CBCT are fairly well understood, with the current state of the art typically exhibiting nearly isotropic spatial resolution (consistent with the isotropic pixel matrix of the detector), contrast and noise characteristics somewhat below that of MDCT (owing primarily to x-ray scatter and detector noise), and dose typicallỹ 1/10 to 1/2 that of MDCT. CBCT systems are subject to factors that result in image artifacts to a greater extent than MDCT, with x-ray scatter often cited as the primary source of image quality degradation due to the volumetric beam and large acceptance angle of the detector. 20 Lag artifacts tend to be higher due to the slower temporal response characteristics of FPDs compared to MDCT. [21] [22] [23] Veiling glare and/or offfocal effects tend to be greater due to the large area/volumetric beam. 19, 24 Particularly for systems with a compact geometry and/or large longitudinal field of view (FOV), cone-beam artifacts can also degrade image quality, for example, arising from bone surfaces oriented parallel to the axial plane.
Cone-beam CT image acquisition from a single circular orbit of the source and detector does not provide sufficient sampling to satisfy Tuy's condition of exactness/completeness. 25, 26 This results in so-called "cone-beam artifacts," which are primarily evident as streaks, shading, and/or distortion of edges that are oriented parallel to (or nearly parallel to) the axial plane, increasing in severity at greater distance from the central plane. The effect arises from unsampled spatial frequencies -specifically, a "cone" of frequencies about the longitudinal axis in the Fourier domain, f z , with the angular extent of the "null cone" given by the angle between the central axial plane and a line joining the x-ray source and a voxel at the particular point of interest. The null cone varies with position throughout the 3D image reconstruction as illustrated by Bartolac et al. 27 : it is not evident in the central axial plane; it is broader (i.e., a greater extent of missing frequencies) above and below the central axial plane; and it "precesses" according to azimuthal location in each octant of the 3D reconstruction.
A variety of methods have been proposed to reduce the appearance of cone-beam artifacts -including correction algorithms 28 and system designs that depart from the circular orbit paradigm. Noncircular trajectories have been proposed to fulfill Tuy's condition, for example, helical cone-beam scanning, [29] [30] [31] [32] circle-plus-line, 33, 34 circle-plus-arc trajectories, 35, 36 and saddle orbits. 37, 38 An alternative approach involves multiple longitudinally offset sources -amounting to multiple circular orbits (or variations thereof) -to extend the longitudinal FOV and provide more complete sampling than a single axial rotation. 39 Recently, a CBCT scanner developed for extremity imaging has been reported 13, 40 with a longitudinal arrangement of three x-ray sources with the aim of extending the longitudinal FOV and reducing conebeam artifacts from joint surfaces, which were noted as a source of image quality degradation. 41 The work presented below investigates the effects of a three-source configuration on image quality and dose characteristics of a CBCT extremity scanner. In particular, experiments were designed to examine the extent to which the three-source configuration reduces cone-beam artifacts, or more specifically, the extent to which the system improves 3D sampling and reduces the extent of the "null cone". Both single-source and three-source configurations were investigated for comparison, using quantitative and anthropomorphic phantoms to probe the effects on image quality and dose.
METHODS

2.A. Scanner geometry and imaging protocols
The geometry of the multisource extremity scanner is illustrated in Fig. 1 -a prototype research system with an arrangement of three sources equivalent to that in the Onsight 3D Extremity System (Carestream Health, Rochester, NY, USA). The gantry enclosure is a C-shaped, self-shielded, carbon fiber hull enclosing the source and detector, allowing the placement of the extremity through a door within the C. The extent of the circular source-detector orbit is 210 o , with the FPD passing within the (closed) door during the scan. The inner diameter of the gantry is 20 cm and includes an expanded region for the placement of the foot. The source-toaxis distance (SAD) is 40.4 cm, and the source-to-detector distance (SDD) is 53.8 cm.
The x-ray source consists of three separate anode-cathode units, each unit separated by 12.7 cm in the longitudinal direction (i.e., along the axis of rotation). Each cathode-anode axis is oriented along the longitudinal (z) axis and separately angulated to present nominal 0.6 FS focal spot size at the center of the detector. Each source has a separate primary collimator with three output windows on the x-ray tube housing such that each source covers the full FOV of the FPD. Xray field congruence tests using Gafchromic film confirmed the coverage of the FOV within 3-5 mm. The tube is powered by a 0.96 kW monoboloc generator and operates at 60-110 kV with a maximum tube current of 16 mA. Output for each source was tuned to give equivalent output, that is, exposure per mAs (mR/mAs), within 5%. The source delivers xray pulses synchronized with FPD readout, with pulse width ranging 5-30 ms. The "firing sequence" of the three x-ray sources (denoted A, B, and C as in Fig. 1 ) is controllable from system configuration software, with a nominal firing pattern of A-B-C-A-B-C. . . The detector is a 24.9 9 30.2 cm 2 FPD with 0.6 mm thick CsI:Tl scintillator (PaxScan 2530+, Varian Imaging Products, Palo Alto, CA, USA) oriented in portrait mode, that is, the longer dimension along the axis of rotation (z-axis). The native pixel size is 0.139 mm, and for all studies reported below, the FPD was read in 2 9 2 binning mode at a pixel size of 0.278 mm. Nominal readout rate was 25 frames per second.
The imaging techniques used for all acquisitions in this work corresponded to the nominal scan protocol used in clinical studies: 90 kV (with 2.0 mm Al and 0.1 mm Cu total filtration), 6 mA tube current, and 20 ms pulse width for each source. Each scan comprised 600 projections at distinct angular positions acquired during continuous rotation. Following the nominal (A-B-C-A-B-C. . .) firing pattern, 200 projections were acquired from each source with a scan time of~24 s. The gantry position was set to the nominal "standing knee" imaging protocol (gantry parallel to the floor) for ease of phantom setup.
Both 3D filtered backprojection (FBP) and model-based iterative reconstructions (MBIR) are available on the scanner. The FBP algorithm was used for the purposes of the current work to provide clear investigation of the effects of 3D sampling for the three-source arrangement. Geometric calibration of the three sources was performed using a single scan of a spiral BB phantom covering the entire longitudinal FOV. The pose determination of each source with respect to the detector was thereby determined with respect to a common world coordinate system. FBP reconstruction for the three-source configuration involved a simple linear combination of the three single-source FBP reconstructions using a voxel-based weighting "map" that depends on the distance from a voxel to the central plane of each source. The weights for each voxel sum to 1, verified, for example, in images of a homogenous cylinder yielding uniform attenuation coefficient. Images were reconstructed with 0.521 9 0.521 9 0.391 mm 3 voxel size, giving a reconstruction FOV of 20 9 20 9 30 cm 3 . A "soft-tissue kernel" for visualizing soft tissue details about the knee and joint space (e.g., cartilage, tendons, ligaments, and muscle) was used for all reconstructions in this work. A "bone kernel" is also available on the prototype (e.g., visualization of bone details), but the smoother kernel was slightly better for noise power estimation, visualization of null cone effects, and should not affect the conclusions of this work. The following investigations are pertinent to MBIR as well, but the appearance of cone-beam artifacts in the reconstructed image is dependent on choices of regularization, termination criteria, etc. The effect of 3D sampling on MBIR is therefore the subject of future work.
2.B. Dosimetry
Dose was measured using a Farmer chamber (10X6-6 ion chamber) and RadCal dosimetry kit (Accu-Pro, RadCal Corporation, Monrovia, CA, USA). Three 16 cm CTDI phantoms were stacked end-to-end and centered on the FOV to account for dose contributed by x-ray scatter in a broad volumetric beam. The cylinder stack exceeded the FOV length by approximately 7.5 cm above and below. To obtain a fairly complete sampling of the dose distribution throughout the scanned volume, dose was measured at 20 positions spanning the upper half of the FOV, including five points in the CTDI phantom (center and 4 peripheral locations) at four locations along the z-axis at 0 (central slice), 5, 10, and 15 cm (upper limit), giving a total of 20 measurements. The measurements were linearly interpolated to obtain a volumetric "dose map." The dose distribution in the lower half of the FOV was assumed to be symmetric to that in the upper half, so measurements are only performed in the upper half of the FOV. The area-averaged dose over the central plane is reported as 42, 43 
where D o is the dose at the center of a CDTI phantom, D p is the average dose measured at the four peripheral locations, and z is the slice location.
2.C. Uniformity, noise, and cone-beam artifact
Characterization of imaging performance in the current work focused on uniformity, noise, and cone-beam effects (i.e., extent of the null cone) in 3D images reconstructed from the three-source configuration as well as each of the three individual sources. The single-source scans used the same imaging techniques: 90 kV, 6 mA tube current, 20 ms pulse width, 600 projections, and 210 o orbital extent. Image uniformity was assessed in the central axial and coronal slices from reconstructions of a 10 cm diameter water cylinder (~30 cm length covering the longitudinal FOV). Noise maps were generated from a single reconstruction by marching a 3 9 3 9 3 volume-of-interest through the image reconstruction and calculating the standard deviation of the 27 voxels within.
To assess the effect of the multiple source configuration on 3D sampling (and by extension, on the severity of conebeam artifacts), the 3D local noise power spectrum (NPS) was analyzed in 3D image reconstructions of a uniform medium. The NPS reflects the underlying Fourier domain sampling characteristics, 27, 44, 45 and the local NPS gives a quantitative depiction of sampling at each location throughout the 3D FOV. Twenty air scans were acquired for each source configuration, and difference in images was calculated for each image pair (190 image pairs in total) to remove deterministic background trends the images. To assess the spatially varying nature of the cone-beam artifacts, the local NPS was analyzed at locations throughout the 3D image, using fairly small (49 9 49 9 49 voxel) volumes of interest (VOIs). Consistent with previous work, the local NPS was calculated as the ensemble average of the square of the Fourier transform of the VOI (at a particular location) in all difference images as:
where n is the number of voxels in the x, y, or z direction in the VOI (n x ¼ n y ¼ n z ¼ 49); a is the voxel size in the x, y, or z directions; FT is the 3D discrete Fourier transform; and \ Á [ denotes the ensemble average. The factor of ½ accounts for the subtraction of two independent images. Finally, the image quality and cone-beam artifacts were visually assessed in reconstructions of three distinct phantoms for the three-source and single-source scans. First was a custom-built phantom consisting of 16 compact discs (CDs) interspaced by 1.59 cm diameter acrylic spheres. This phantom provided multiple flat surfaces spanning the longitudinal FOV in the style of a "Defrise phantom," with the interspersing spheres providing both a uniform separation between each disk and presenting features of additional spatial frequency content for a more complete visualization of cone-beam effects. Two anthropomorphic extremity phantoms were also imaged -a knee and a hand (The Phantom Laboratory, Greenwich NY) -each incorporating a natural human skeleton with simulated muscle, fat, tendon, and cartilage.
RESULTS
3.A. Dosimetry
The dose distribution resulting from a three-source scan is shown in Fig. 2 as (a) a volume rendering showing the dose interpolated throughout the FOV and (b) central axial, coronal, and sagittal planes through the FOV. The 20 measurement points spanning the upper half of the FOV are indicated by gray circles. The trajectory of each source relative to the location of the gantry door is illustrated by curved arrows.
Numerous trends are evident in the 3D dose distribution. In each axial plane (x-y), the dose deposition follows that of a short-scan (210 o ) source-detector orbit, with the highest dose at location P3 (opposite the door, which is the lateral aspect of the knee, for example, in a standing, weight-bearing scan) and the lowest dose around P1 (near the door, which is the medial aspect of the knee in a weight-bearing scan). A slight azimuthal asymmetry is observed between P2 and P4, due to slightly greater source coverage around P2. Along the longitudinal direction (z), the dose was highest at the central slice (regions of increased sampling and multiple source overlap) and decreased longitudinally; however, the longitudinal falloff is less than that for a conventional single-source scan (not shown for brevity), especially through the central twothirds of the FOV in which multiple sources overlap. The nominal dose at the center of the FOV (D o ) was 12.6 mGy, and that at the peripheral points (D p ) P1-P4 in the central axial plane was 8.5, 19.8, 25.9, and 16.4 mGy, respectively, giving an area-averaged dose (D w 0 ð Þ, Eq. 1) of 16.0 mGy at the central slice. Figure 3 shows reconstructions of a water cylinder from the three source as well as three single-source scans. Cuts were taken along the center of the FOV. Axial and coronal signal profiles indicated by the yellow dotted line in Fig. 3(a) are plotted in Fig. 3(b) and Fig. 3(c) to illustrate the level of image uniformity. The profile plots in (b) and (c) were smoothed by a moving average window 5 voxels wide to show trends more clearly. The manufacturer does not claim to deliver properly normalized Hounsfield Units (HU), so voxel values are reported as arbitrary units (Arb. U.). Artifact corrections were disabled for the analysis of the data in this study to better investigate the fundamental effects of the three-source configuration on signal uniformity and noise, without factors specific to a given postprocessing technique. Cupping effects would therefore be significantly reduced by such artifact correction (viz., scatter correction), which is proprietary to the manufacturer and not shown for the reasons of brevity.
3.B. Uniformity and noise
Overall, the three-source reconstruction yielded equivalent voxel value and uniformity compared to the singlesource scans. This indicates first that the reconstruction method properly accounts for redundancy/ray density weighting for three circular arcs. Moreover, the degree of cupping artifact (affected primarily by x-ray scatter) is comparable for the three-source and single-source scans, as evident in the axial profiles in Fig. 3(b) , since to the first order, the volume of irradiated tissue is the same in each case. Even in the three-source configuration, the firing sequence is pulsed, so that a given frame only includes x-ray scatter from one source at a time but not three simultaneously. The coronal signal profiles illustrate the longitudinal (z) FOV covered by each source individually, with the three-source arrangement extending the FOV by~30% compared to any single-source configuration.
The standard deviation "noise" maps for the three-source and single-source configurations are shown in Fig. 4 . For the three-source configuration, the overall trend in the x-z and yz plane is consistent with the dose distribution in Fig. 2 - that is, the noise is lowest near the central axial plane where the beams from all three sources overlap, and the noise increases toward the longitudinal ends of the FOV. Note, in particular, the fairly steep increases in noise at the upper and lower ends of the FOV, consistent with the fairly steep reduction in dose in the regions sampled by just one source. Within the axial plane, there is a reduction in noise near the P3 position (overlaid on Fig. 4 , note the rotation from Fig. 2 ), again consistent with the dose distributions of Fig. 2 . The noise in single-source scans is more uniform longitudinally and is slightly lower in the central axial plane than that in the threesource scan due to denser projection sampling (recalling that the same number of views (600) was acquired in all cases, with total arc 210 o unchanged).
3.C. 3D sampling and "Cone-Beam" effects
To quantitatively investigate the 3D sampling characteristics (and the characteristic "null cone" associated with circular arc cone-beam geometry), the local NPS was analyzed for various scan configurations as summarized in Fig. 5 . Axial (f x -f y ), sagittal (f y -f z ), and coronal (f x -f z ) slices of the NPS are shown for the three-source scans and the middle-source scans. Surface renderings of the NPS are also presented to better illustrate the shape in 3D. The NPS was measured at various heights along the z axis, from the central slice (z = 0 cm) to near the upper limit of the FOV at z = +14 cm. The axial NPS is ten samples away from the center (at f z = 0.52 mm À1 ) to better illustrate the extent of the missing frequencies.
From the sagittal slice of the single-source scan (row 1), the Fourier domain is for the most part fully sampled at z = 0 (central axial plane of the middle source) except for a fairly narrow null band at f y = 0 due to the ramp filter. As the z position increases, the power spectrum exhibits a null cone that broadens in proportion to z due to the well-known cone-beam artifact; the angle subtended by the null region increases as one moves farther from the central slice. The ROI at z = 12 cm lies partially outside the reconstruction FOV for the middle-source scan and therefore has much lower magnitude of spectral density. The ROI at z = 14 cm falls completely outside the FOV and exhibits spectral density of 0.
The sagittal slice of the three-source scan (row 2) exhibits a very different Fourier sampling characteristic. At z = 0 (central axial plane), the spectral density is comparable to that of the middle-source scan in terms of sampling, that is, a fairly full sampling of the space with a narrow null band near f y = 0. As one moves away from the central slice (increasing z), the null cone first increases, and then decreases, due to sampling contributions from the upper source. This suggests an improvement in 3D sampling characteristics (at z = 9 cm, e.g., close to the central slice of the upper source) for the three-source configuration; the implication of the reduced null cone is a reduction in cone-beam artifacts, illustrated in the next section.
The magnitude of the noise for the three-source scan is lowest at the center and highest at the edge of the FOV, consistent with the dose distribution shown in Fig. 2 . For the three-source configuration, however, the spectral density shows (Row 2) a reduction in the null cone (improved sampling) at various z positions courtesy of the adjacent source; and (Row 4) somewhat reduced null wedge effects from the short-scan trajectory due to a broader distribution of projection views over three separate source perspectives.
noise maps in Fig. 4 . Compared to the middle-source scan, the three-source scan exhibits consistently higher noise power spectral density (and higher noise, as discussed in relation to Fig. 4 ) due to the difference in projection view sampling (600 projections distributed over three sources vs. all 600 projections from the middle source) and a more even distribution of fluence (dose) over a larger FOV. The coronal (f x -f z ) slice of the power spectrum sheds further light on the 3D sampling characteristics regarding the short-scan trajectory. From the coronal NPS in rows 3 and 4, the null frequencies from the middle-source scan form an angled null "wedge" instead of the symmetric null "cone," due to the short-scan geometry. The wedge widens as one moves farther from the central slice. The effect is more clearly observed in combination with the axial slices (rows 5 and 6) and the surface rending (rows 7 and 8). By comparison, the three-source scan again exhibits more complete sampling at all z locations. It is also interesting to note that the wedge appears flipped at z = 3 cm compared to that at z = 9 cm and z = 12 cm (evident in row 4, and also observable in rows 6 and 8) due to the opposite ray directions from the middle source and top source at these locations.
Samples within the NPS with magnitude less than 5% of the 95th percentile value were defined to be within the null cone. Using this threshold, the number of samples belonging to the null cone relative to the total number of samples within the 3D Nyquist region was calculated as a function of z location. This is roughly the percentage "volume" of the null cone and is shown in Fig. 6 for both the single-source and threesource configurations. The trend is consistent with observations in Fig. 5 . For the single-source configuration, the percentage of null elements increases monotonically with increasing z (and falls to zero as the ROI falls outside the reconstruction FOV at z ffi 10 cm). For the three-source configuration, however, the percentage of null elements increases with z at a slightly lower rate, peaks near z~AE6 cm, and then reduces toward zero as the ROI moves closer to the upper or lower source. With respect to 3D sampling characteristics, therefore, the three-source configuration has "sweet spots" near the central plane of each x-ray source, increases at locations intermediate to each source, and is superior overall to a single-source configuration.
3.D. Cone-beam/3D sampling effects in a modified defrise phantom
Coronal slices from the disks-and-spheres phantom are shown in Fig. 7(a) to illustrate the cone-beam sampling effects for various source arrangements. Each of the singlesource configurations exhibits the familiar loss of edge resolution consistent with the results described above. The middle-source scan exhibits typical cone-beam artifacts that increase at greater distances from the central (z = 0) slice. The lower source similarly resolves the edge in its midplane (z~À12.7 cm) and the upper source at its midplane (z +12.7 cm), and each suffers strong degradation in 3D sampling at increased longitudinal distance. The middlesource scan is somewhat representative of the original implementation of the single-source extremity CBCT scanner reported in Ref 41 , and the upper source configuration is analogous to the source-detector arrangement in some breast CBCT scanners 11 -recognizing differences in system SAD, SDD, FOV, etc. -in which the x-ray focal spot is positioned near the longitudinal edge of the FOV, resulting in a fairly large (one-sided) cone angle.
Consistent with the observations of Fig. 5 , the threesource configuration shown in Fig. 7(a) exhibits high-fidelity reconstruction at the midplane of the central source (z = 0) as well as the midplanes of the upper and lower sources (z~À12.7 cm and +12.7 cm, respectively). Intermediate to each source, the disks exhibit a loss of edge resolution as expected. At any particular z location, the fidelity of reconstruction (i.e., edge resolution and 3D sampling characteristics) is visibly better for the three-source configuration than any of the single-source configurations, quantified by line profiles in Fig. 7(b) . A notable exception occurs at the central slice (z = 0), where the edge fidelity is slightly diminished for the three-source configuration compared to the middlesource configuration. This is due to the contributions from the upper and lower sources, for which sampling at the central slice is at fairly high cone angles. Thus, considering locations throughout the FOV, the three-source configuration reduces the cone-beam effect and provides better overall sampling compared to a single-source configuration. Note also the longer FOV for the three-source configuration, which is an important clinical motivation for this design, for example, providing longer FOV coverage for visualization of longbone fractures. 
3.E. Cone-beam/3D sampling effects in realistic anatomy
The influence of cone-beam sampling effects on image quality within a more realistic anatomical context is illustrated in Figs. 8, 9 , and 10. In particular, joint spaces in the knee (Fig. 8) and hand (Fig. 9 ) present high-contrast joint space surfaces oriented in such a way as to give rise to conebeam artifacts that can challenge soft-tissue visualization. single-source configurations exhibits such artifacts to an extent that confounds clear visualization of joint surfaces and surrounding soft tissue. The three-source configuration is relatively robust against such effects and presents clearer visualization throughout the region of the distal radius/ulna and metacarpals. From the hand portion of the phantom, joint surfaces at the metacarpophalangeal (MCP), proximal interphalangeal (PIP), and distal interphalangeal (DIP) joints are shown in Fig. 10 . The MCP (which is near z~0 cm) is well visualized by the three-source and middlesource configuration but suffers cone-beam artifacts in the lower and upper source configurations. The PIP and DIP (at z~5 cm and 10 cm, respectively) are well visualized for the three-source scan, but each of the single-source configurations shows severe cone-beam artifacts. For example, delineation of the DIP space is entirely obliterated by conebeam artifact in the lower source scan due to the high cone angle. Again, only the three-source configuration gives clear visualization throughout the FOV.
DISCUSSION AND CONCLUSION
This work investigated the dose and image quality characteristics of a novel CBCT scanner configuration featuring three longitudinally offset x-ray sources. Dose measurements demonstrate a nonuniform axial (x-y) distribution consistent with the short-scan (210 o ) source-detector orbit and more longitudinally extended z-distribution associated with the three-source configuration. Emerging standards for CBCT dosimetry (e.g., C-arm CBCT as addressed by AAPM Task Group #238) begin to address dosimetry methods for such nonuniform dose distributions; dosimetry protocols for systems with a large cone angle and large volumetric coverage suggest use of a longitudinally extended phantom (e.g., multiple stacked CTDI phantoms) to account for dose contributed by long tails of x-ray scatter; for a short-scan geometry involving a single-source rotation, the area-averaged dose in the central slice (D w 0 ð Þ in Eq. 1) may substitute for CTDI w . 42, 43 A multisource system raises additional complexities since the dose distribution in the z direction is highly dependent on the number, spacing, and collimation of the sources.
The work specifically investigated the image quality characteristics associated with 3D sampling (and conebeam effect) for the three-source configuration. The NPS provided a useful probe of such 3D sampling characteristics. The three-source configuration demonstrates a more complete 3D sampling with an overall reduction in the "null cone" of unsampled frequencies in comparison to a single-source circular scan. As a result, cone-beam artifacts were visibly reduced in both a simple disk phantom and in anthropomorphic phantoms, for which such artifacts can confound diagnostic quality (viz., musculoskeletal extremities where high-contrast joint surfaces can give rise to cone-beam artifacts that confound visualization of the joint space). The three-source configuration also extended the longitudinal FOV (up to~30 cm) with a reduced conebeam artifact throughout -even at the proximal and distal extremes, since those locations are near the midplane of the upper and lower sources, respectively. The three-source configuration also demonstrated good signal uniformity throughout the FOV (indicating proper normalization of rays from multiple sources), although the noise was measurably elevated at the proximal and distal ends of the FOV due to reduced fluence in regions sampled by only one source.
The current study focused on reconstructions formed using 3D FBP, recognizing the growing importance of MBIR algorithms. Such iterative methods can be more robust to incomplete 3D sampling (e.g., cone-beam effects, truncation, or undersampling) due to the estimation process as well as regularization that may "fill in" missing frequencies. Nonetheless, a system that offers better sampling addresses the root of the challenge and will likely complement iterative reconstruction methods to yield even greater benefits in image quality. Evaluation of cone-beam artifacts in iterative reconstruction from the extremity scanner is the subject of future work.
Overall, the three-source configuration demonstrated advantages to image quality and extended FOV within a compact form factor that supports further clinical studies of diagnostic performance and utility. The configuration appears particularly beneficial for imaging scenarios in which the anatomy contains high-contrast articular surfaces at large distance from the central axial plane and/or throughout the FOV, as with the hand, knee, or foot.
